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CLASSIFICATION OF SOILS AND CONTROL 
Brock DO REonw SED: IN 
CONSTRUCTION OF EMBANKMENTS 


BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTRATION 


Reported by HAROLD ALLEN, Materials Engineer 


HE PURPOSE of. this 

report is to present a re- 
vised and simplified version 
of soil identification and 
classification and to describe 
the field testing procedures 
which have been used suc- 
cessfully for the control of 
the work in the building of 
embankments. The method 
of soil grouping and classifi- 
cation, originally devised by: 
the Public Roads Adminis- 
tration, has been widely used 
throughout the United 
States. A complete analysis 
of the original soil grouping 
and its application was pub- 
lished in the June and July 1931 issues of, PUBLIC 
ROADS.' 

The test procedures used for’ the determination of 
soil characteristics are A.A.S.H.O.? and A.S.T. M.? 
standards and complete details may be obtained from 
the publications of these organizations. 

The physical properties of soil and the tests upon 
which they are based are outlined briefly as follows: 


Mechanical analysis (AJA)___ Grain size. 
Lite uuG! ivitinig (Why). = Ss 
iPAbsyaie limon (0292) 
Dkr Waelere (V2VD) a Le 
Shrinkage limit (SL)________ 
Shrinkage ratio (SR)_______- Volume change. 

Lineal shrinkage (LS) _____-_. 

Field moisture equivalent Moisture capacity of soils. 


(FMB). 


Centrifuge moisture equiva- Resistance to flow of water. 
lent (CME). 


Mechanical analysis.—-The mechanical analysis of 
soils determines the size and grading of the particles. 
The grain sizes of the particles retained on a No. 200 
sieve are determined by sieve analyses. The sizes of 
the soil particles passing a No. 200 sieve are determined 
by hydrometer analyses. 

The hydrometer method of grain-size analysis is 
based upon the fact that particles of equal specific 
gravity settle in water at a rate which is proportional 
to the size of the particle (Stokes’ law). 

The hydrometer analysis is made by dispersing an 
air-dry sample, passing the No. 10 sieve, in water by 
means of a mechanical disperser such as a milkshake 
mixer. The soil-water mixture is placed in a liter grad- 
uate and water added to increase the volume of the 


Plasticity. 


1 These issues are out of print but can be obtained at many public or college libraries. 

2 Standard Specifications for Highway Materials and Methods of Sampling and 

Testing, published by the American Association of State Highway Officials, 1220 
National Press Building, Washington, D. C, 

3A.S.T.M. Standards, Part II, published by the American Society for Testing 


~ Materials, 260 South Broad Street, Philadelphia, Pa. 
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Methods of testing soils and the use of the test 
results in a classification system were presented in the 
June and July 1931 issues of PUBLIC ROADS. De- 
sirable changes in the system have been developed 
through wide usage by highway engineers. 
vised methods of testing and the simplified classifica- 
tion system reported are based on these developments. 

The standard method of test for the determination 
of the relationship of soil moisture and density is de- 
scribed. The use of the results obtained by this testing 
procedure in soil classification and in the construction 
of embankments is discussed. 

Construction methods used in the control of water 
content and compaction of soil are described. Testing 
procedures designed for field use in checking soil 
moisture and density are reported. 








suspension to 1,000 cubic 
centimeters. The weight of 
soil in suspension, expressed 
in grams, is determined by 
reading a hydrometer (Bou- 
youcos type) suspended in 
the soil-water mixture. The 
readings are taken at inter- 
vals of 1, 2, 5, 15, 30, 60, 250, 
and 1,440 minutes, and are 
used to calculate the grain 
size and percentage of “each 
erain size in the sample. 
The sediment in the test 
cylinder is washed over a 
No. 200 sieve after the last 
hydrometer reading has been 
taken, dried and sieved with 
No. 20, 40, 60, and 140 sieves and the accumulative 
percentages passing each sieve are recorded. 

A grain diameter accumulation curve is shown in 
figure 1. 

The results, read from the accumulation curve, are 
usually reported as follows: 


The re- 


Percent 

Particles larger than 2 millimeters (No. 10 sieve)________- 
Coarse sand, 2.0 millimeters to 0.25 millimeter uke 60 

SIGV.G) eka Sees Cte ee Sew ee ope rs aa 
Fine sand, 0.25 to 0.05 millimeter (No. 270 siev e)_ 
Silt, 0.05 to O:005umillimeter saa 
Cc lay, smaller than 0.005 millimeter_ _- : : 
Colloids, smallerminamnO OOM llinme tena. a= = ae ene 


All of the soil tests used for identification, except 
mechanical analysis, are made upon the portion of 
air-dried soil passing the No. 40 sieve. 


SOIL TEST PROCEDURES DESCRIBED 


Liquid limit.—The liquid limit is defined as that mois- 
ture content, expressed as a percentage by weight of 
the oven-dry soil, at which the soil will just begin to 
flow when jarred shghtly. According to this definition, 
soils at the liquid limit have a very small but definite 
shear resistance which may be overcome by the appli- 
cation of little force. At the liquid limit the cohesion 
in the soil is practically zero. 

The nature of the lquid-limit test is indicated in 
figure 2. The soil sample is placed in a porcelain eva- 
porating dish about 4% inches in diameter, shaped into 
a smooth layer about % inch thick at the center and 
divided into two portions by means of a grooving tool 
of standard dimensions (fig. 3). The dish is held firmly 
in one hand and tapped lightly 10 times against the 
heel of the other hand. If the lower edges of the 2 
soil portions do not flow together, as shown in the lower 
part of figure 2, the moisture content is below the liquid 
limit. If they flow together before 10 blows have been 
struck, the moisture content is above the liquid limit. 
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FIGURE 2.—PHENOMENON 


The test is repeated with more or less moisture, as the 
case may be, until the 2 edges meet exactly after 10 
blows have been struck. The arrows indicate the 
direction of the blow on the dish. 

A mechanical device which is calibrated against the 
hand method described above is used in most labora- 
tories. The details of the device are shown in figure 3. 
In using the device, the soil mixed with water is placed 
in the brass cup, shaped into a smooth layer, and 
grooved in a manner similar to that described for the 
hand method. The cup is then attached to the carriage 
of the machine and dropped through a distance of 1 
centimeter a sufficient number of times to close the 


groove. This process is repeated for several moisture 
contents. The object of the procedure is to obtain 


samples of such consistency that the number of drops 
or shocks of the cup required to close the groove will be 
both below and above 25. <A “flow curve” is plotted 
on semilog graph paper using the moisture contents as 
abscissae on the arithmetic scale and the number of 
shocks as ordinates on the logarithmic scale. The 
moisture content corresponding to the intersection of 
the flow curve with the 25 shock ordinate is the hquid 
limit of the soil. 
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LIQUID LIMIT DEVICE 


Ficure 3.—Liquip Limir Device. 


The liquid limits obtained by an operator of average 
experience and skill, using both methods, should check 
closely for identical soil samples. 

Plastic limit—The plastic limit is defined as the 
lowest moisture content, expressed as a percentage by 
weight of the oven dry soil, at which the soil can be 
rolled into threads % inch in diameter without breaking 
into pieces. Soil which cannot be rolled into threads 
at any moisture content is considered nonplastic. 

Figure 4 shows the nature of the test for the determin- 
ation of the plastic limit. The sample shown at the 
top of the figure, having a moisture content above the 
plastic limit, can be rolledinto threads ¥% inch in diameter 
without crumbling under the pressure 'exerted by the 
hand. The lower part of the drawing shows a soil 
thread which has crumbled because the moisture 
content of the soil has been reduced by evaporation to 
the plastic limit or below. 

The plastic limit is the moisture content at which 
cohesive soils pass from the semisolid to the plastic 
state. It is also the moisture content at which the 
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CRUMBLING OF SOIL THREAD BELOW 
THE PLASTIC LIMIT 


FIGURE 4.—PHENOMENON OccuURRING DurRiInG Puastic Limit 
TEST. 
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FiGguRE 5.—APPARATUS FOR DETERMINING THE VOLUMETRIC 
CHANGE OF SUBGRADE SOILS. 


coefficient of permeability of homogeneous clays 
becomes practically equal to zero. 

Plasticity index—The plasticity index is defined as 
the difference between the liquid limit and the plastic 
limit. It is the range of moisture content through 
which the soil is plastic. When the plastic limit 1s 
equal to or greater than the liquid limit, the plasticity 
index is reported as zero. When the plastic limit 
cannot be determined, the plasticity index may be 
designated by the letters NP (nonplastic) to indicate 
that the soil is entirely lacking in plasticity. 

Shrinkage limit. <The shrinkage limit is defined as 
the moisture content, expressed as a percentage by 
weight of oven-dried soil, at which a reduction in 
moisture content will not cause a decrease in volume of 
the soil mass, but at which an increase in moisture con- 
tent will cause an increase in volume of the soil mass. 
The relations of soil volumes to moisture contents at 
various stages in the test are illustrated in figure 5. 

The shrinkage limit is a means of describing the pore 
space present in a soil after it has been allowed to com- 
pact itself to the maximum density obtainable (from a 
given moisture content) by shrinkage. It is a well 
defined point on the moisture content scale, marking 
the change from the solid to the semisolid state. 

Shrinkage ratio.—The shrinkage ratio is equal to the 
bulk specific gravity of the dried soil pat used in obtain- 
ing the shrinkage limit. It is used in the calculation 
of volume change. 

The volume change of soil from a given moisture 
content can be calculated, when the shrinkage limit and 
the shrinkage ratio are known, by means of the follow- 


ing formula: 
VC=(w—S)R 


in which VC=volume change; 
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Figure 6.—RELATION BETWEEN VOLUME CHANGE AND LINEAL 
SHRINKAGE. 
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MoisturE EQuiIvaALENT TEsT. 


FIGURE 


w=moisture content; 
S=shrinkage limit; and 
R=shrinkage ratio. 


The most common value for w is the moisture content 
represented by the field moisture equivalent (*ME) 
and, using this value, the formula is usually expressed as 


C,=(FME—S)R 


in which C, is the volume change from the field moisture 
equivalent. 

Lineal shrinkage.—The lineal shrinkage of a soil is the 
decrease in a dimension of the soil mass, expressed as a 
percentage of the original dimension, when the moisture 
content is reduced from an amount equal to the field 
moisture equivalent to the shrinkage limit. It is usually 
obtained by calculation by means of the following for- 


mula: 
pe 00 ) 
LOC IR eee ee 
2 ac( C,+100 


or from the curve of figure 6. 

Field moisture equivalent.—The field moisture equiv- 
alent is defined as the minimum moisture content, 
expressed as a percentage by weight of oven-dry soil, 
at which a drop of water placed on the smooth surface 
of the soil will not immediately be absorbed but will 
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8.—PHENOMENON OccuRRING DURING THE CENTRI- 
FUGE MoistuRE EQUIVALENT TEST. 


FIGURE 


spread out over the surface and give it a shiny appear- 
ance. In making the test, water is mixed with the soil 
fraction passing the No. 40 sieve until the soil forms 
into balls when stirred and then in small increments 
until the moisture content is such that a drop of water 
will not penetrate the smoothed surface. This is 
illustrated in figure 7. 

The drop of water fails to penetrate the wet and 
smoothed soil sample (1) when the pores of nonexpan- 
sive soils are completely filled, (2) when the capillarity 
of cohesionless expansive soils is completely satisfied, 
and (3) when cohesive soils possess moisture in amount 
sufficient to cause the smoothed surface of the sample 
to become impervious. This impervious skin may 
occur at moisture contents far below those required to 
satisfy the capillarity of cohesive soils. 

Centrifuge mvuisture equvalent.—The centrifuge mois- 
ture equivalent is defined as the moisture content, 
expressed as a percentage by weight of oven-dried soil, 
retained by a soil which has first been saturated with 
water and then subjected to a force equal to 1,000 times 
the force of gravity for 1 hour. The test consists of 
first soaking a small sample of air-dried soil with water 
in a Gooch crucible, then draining it in a humidifier 
for at least 12 hours and, finally, centrifuging it for 
1 hour. The effect of the centrifugal force on the soil 
moisture is illustrated in figure 8. 


SOILS CLASSIFIED IN EIGHT GROUPS 


Based upon their field performance, soils have been 
classified in eight groups designated as A-1 to A-8, 
inclusive. The results of tests made in accordance with 
the procedures described indicate the physical proper- 
ties of soils and serve to identify them with respect to 
grouping. This method of classification does not elim- 
inate possible overlapping or provide a rigid measure 
of soil behavior. Thus, some soils may have some of 
the characteristics of two groups. The engineer should 
learn to judge the value that different soils may have 
in construction, and the difficulties which may arise in 
their use, more upon the basis of the physical constants 
and their relationship than upon the fact that the soils 
fall in certain groups. This is illustrated by the fact 
that clay soils from different locations classed in the 








A-6 or A-7 group may have a wide range of plasticity 
constants and, therefore, may have different values for 
fill and subgrade construction. The soil classification 
should be used to designate general characteristics such 
as plasticity, permeability, bearing power, resistance 
to frost heave, etc. 

It would be difficult to show all the soil constants 
in general reports or on soil maps, but the use of the 
eight groups gives the engineer who is not concerned 
with details a general picture of the soils on a project. 
The design and construction engineers, however, should 
have at their disposal the laboratory test results and 
should depend more upon those results in preparing 
specifications and plans and in placing the soils in the 
finished structure than upon the group classification. 

Present knowledge of soil testing indicates a need for 
slight modification of the classification procedure as 
originally presented in the June and July 1931 issues 
of PUBLIC ROADS. The significant changes listed 
below are included in the simplified charts, figures 9, 
10, and 11 which show the range of soil characteristics 
for each soil group. 

1. The relations of the plasticity index to the liquid 
limit (see fig. 9) have been modified as follows: 

a. A band instead of a single curve has been pro- 
vided to define the limits of the A-6 group. 

b. Keeping the origin at a value of the liquid limit 
equals 14 and a plasticity index equals 0, the curve 
separating the A—7 group from the A—5 and A-8 groups 
was rotated to the left slightly. Ata value of the liquid 
limit equals 40, the relation now shows a plasticity 
index of 15 instead of the value of 16 shown in the 
original charts. 

2. The minimum value of the liquid limit of the A-8 
group is given as 35 instead of 45 as originally shown. 

3. The maximum value of the liquid limit of the A-1 
group was raised from 25 to 35 so as to include stabilized 
road surface materials covered by the standard A. A. S. 
H. O. and A. S. T. M. Specifications. 

4. The symbol NP has been used for those materials 
for which the plastic and liquid limits cannot be 
obtained due to a lack of plasticity in the soil. 

5. The liquid limit values for the A-3 group have 
been eliminated because the standard test procedure 
cannot be used on purely granular materials. As a 
substitute for the effective size of not less than 0.10 
millimeter, 0 to 10 percent passing the No. 200 sieve 
has been inserted. 

6. The limiting values for the centrifuge moisture 
equivalent for all groups except A-1, A-2, and A-3 
have been omitted because experience indicates that 
the test values obtained are not essential for the identi- 
fication of the remaining groups. 

The gradings of the various soil groups, the limits 
within which the test values fall, and their general 
characteristics are outlined in the following paragraphs: 


GENERAL CHARACTERISTICS OF FIRST THREE SOIL GROUPS 
GIVEN 


Group A-1.—Soils of this group are composed of 
material well graded from coarse to fine, mixed with 
excellent binder; they are highly stable under wheel 
loads irrespective of moisture conditions; can be rolled 
to very high densities with either smooth-faced or 
tamping type rollers; and have practically no volume 
change. These materials have very high bearing 
capacity at high densities and function satisfactorily 
when used as bases for relatively thin wearing courses. 
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NOTE :-ONLY THE A-!I MATERIALS WITH VALUES OF LIQUID LIMIT 
NOT GREATER THAN 25 AND VALUES OF PLASTICITY INDEX NOT 
GREATER THAN 6 ARE SUITABLE FOR USE IN BASE’COURSES FOR 
THIN FLEXIBLE SURFACES. 
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Figure 9.—RANGE oF Son CHARACTERISTICS FOR HACH SOIL 
GROUP. . 


Grading: The soil mortar, that fraction passing the 
No. 10 sieve, should be graded as follows: Clay, 5 to 
10 percent; silt, 10 to 20 percent; total sand, 70 to 85 
percent; coarse sand, 45 to 60 percent. 

Constants: The liquid limit is usually greater than 
14 and less than 35; the plasticity index ranges from 
4 to 9; the shrinkage limit from 14 to 20; the centrifuge 
moisture equivalent is less than 15. The field moisture 
equivalent is not a significant test for this type of soil. 

The characteristics of this group of soils are such that 
the test constants fall into a rather narrow band inas- 
much as small variations in grading and binder charac- 
teristics result in a soil of the A-2 group. Soils in the 
A-1 group do not exist over widespread areas and are 
usually found in relatively small deposits. When 
available in adequate amounts for proper thicknesses, 
these soils can be used as a base course for bituminous 
surfaces when the plasticity index does not exceed 6. 
They are excellent for use as blanketing materials over 
dry or silt soils. 

Group A-2.—The soils of this group are composed 
of coarse and fine materials mixed with binder but are 
inferior to the A-1 soils due to poor grading, inferior 
binder, or both. A-2 materials can be compacted 
with either tamping or smooth-faced rollers, the density 
obtainable depending upon the amount, grading, and 
character of the binder. In road surfaces, A-2 mate- 
rials may be highly stable when fairly dry or, depending 
upon the amount and character of the binder, may 
soften during wet weather or become loose and dusty 
in dry periods. If used as base courses, plastic soils 
of this group may lose stability due to capillary satura- 
pon or lack of drainage. Some may be damaged by 
rost. 
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Figure 10.—RANGE oF Sor, CHARACTERISTICS FOR HACH SOIL 
GROUP. 
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Figure 11.—Rance or Sort CHARACTERISTICS FOR EacH SOIL 
GROUP. 


Grading: The sand content is not less than 55 percent. 

Constants: The liquid limit is usually less than 35. 
Plasticity index may vary from NP to 15 depending 
upon grading and character of binder. The shrinkage 
limit usually does not exceed 25 and is significant only 
when the grading and character of the binder are con- 
sidered. The centrifuge moisture equivalent does not 
exceed 25. 

Soils falling in this group are of quite common occur- 
rence. The group is usually divided into two parts, 
namely, the plastic and friable types. The friable type 
usually has a plasticity index ranging from NP to less 
than 3 and can be used as base course material for 
bituminous surfaces where a moisture content suffi- 
cient to insure stability can be maintained or where the 
material is completely confined. This type is also 
suitable for use as a blanketing material for very plastic 
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subgrades over which concrete pavement is to be placed. 
The plasticity index of the plastic type ranges from 3 
to 15. When the plasticity index of this type of soil 
exceeds 6, it is not suitable for use as a base for light 
bituminous surfacing and may cause warping of con- 
crete pavements if large fluctuations of moisture content 
are likely to occur. 

Soils of this group (plastic or friable) may be consid- 
ered as stable if well compacted and they are satisfactory 
for the construction of embankments or the blanketing 
of the plastic or silty soils. They can be drained and 
may have sufficient plasticity to cause detrimental 
volume changes. Bituminous materials, portland ce- 
ment, and other admixtures can be mixed with soils of 
this group with comparative ease. 

Group A-3.—The soils of this group are composed 
entirely of coarse materials such as sand and gravel; 
they lack stability under wheel loads except when damp; 
are only slightly affected by moisture conditions; have 
no volume change. They cannot be compacted by 
rolling, but in most instances may be settled by disking 
and ponding. They drain rapidly and, when adequately 
confined, make suitable subgrades for all types of 
pavement. 

Grading: The fraction passing the No. 200 sieve is 
less than 10 percent. 

Constants: Soils of this group have no plasticity. 
The shrinkage limit and field moisture equivalent are 
not significant. The centrifuge moisture equivalent 
does not exceed 12. 

A-3 soils are of common occurrence. Many of them 
can be stabilized successfully with bituminous materials. 


SOILS OF FOURTH GROUP SUBJECT TO FROST HEAVE 


Group A-4.—-This group consists predominantly of 
silt soils containing only moderate to small amounts of 
coarse material and only small amounts of sticky col- 
loidal clay. When fairly dry or damp, A-4 soils present 
a firm riding surface which rebounds but little upon 
removal of load. When water is absorbed rapidly, they 
may expand detrimentally or lose stability even in the 
ce of manipulation. They are subject to frost 
leave. 

The soils of this group vary widely in textural com- 
position and range from the sandy loams to silt and clay 
loams. A comparison of the grain-size analysis curves 
indicates wide variation in grading within the group. 

The sandy loams can be rolled to comparatively high 
densities with either tamping or smooth-faced rollers 
and have good stability through a wider range of densi- 
ties than do the silts and silt loams. They have only 
small volume change and do not produce severe pave- 
ment warping even though compacted in the dry state. 

The silt loams and silts cannot be rolled to high densi- 
ties because of the excess of voids which results from 
inferior grading and because of a lack of binder material. 
They are relatively unstable at all moisture contents 
but especially at the higher moisture contents when 
they have very low stability (low bearing capacity). 
Silts and some silt loams are difficult to roll because best 
rolling results may be obtained only through a very 
narrow range of moisture. Uniform compaction can 
be obtained on these soils by the use of smooth-faced 
rollers, provided the soil is neither too wet nor too dry. 
If the moisture content is too high or too low, “bridg- 
ing’’ will occur with heavy smooth-faced rollers (soils 
will bulge up ahead and behind the roller) resulting in 
nonuniform compaction. 














The clay loams of this group are somewhat better 
graded than are the silts and can be rolled to higher 
densities. On heavy clay loams tamping rollers have 
proved more effective than rollers of the smooth- 
faced type. The clay loams are quite stable at the 
lower moisture contents and higher densities but under 
these conditions are likely to show detrimental volume 
change if the moisture content is increased. 

Grading: The sand content is less than 55 percent. 

Constants: The liquid limit of soils in this group 
varies from 20 for sandy loams to 40 for clay loams. 
The plasticity index varies from 0 for coarse silts with 
no binder to 15 for clay loams. The shrinkage limit 
varies from 20 for the better graded sandy clay loams 
with good binder to 30 for silts. The centrifuge mois- 
ture equivalent (not essential for classification) varies 
from 12 to 50, depending upon the porosity and perme- 
ability of the soil. The field moisture equivalent does 
not exceed 30. When the centrifuge moisture equiva- 
lent is greater than the liquid limit, soils in this group 
are likely to be especially unstable in the presence of 
water. Group A-4 soils are likely to be highly expan- 
sive and approach the A—5 group when the field moisture 
equivalent exceeds the centrifuge moisture equivalent 
and when the shrinkage limit is greater than 25. The 
wide range of soils in this group extends from those 
which border the A—2 group to those which approach the 
lower limits of the A-5, A-6, and A-7 groups. The 
borderline soils are often designated as A-4—2, A-4—5, 
A-4-6, and A-4-7, indicating that they approach the 
latter group in characteristics, grading, and values of 
test constants. 

Since the soils in this group are subject to frost heave, 
they should be covered with granular materials in areas 
where extremely low temperatures prevail and condi- 
tions conducive to frost heave exist. The thickness of 
cover required to prevent heaving varies from 18 to 48 
inches. 

When wet, these soils may become elastic and show 
considerable rebound upon removal of load. 

The more plastic types in the group will expand with 
increases in moisture in sufficient degree to cause warp- 
ing at the joints in concrete slabs if the soils are placed 
at moisture contents lower than the optimum.’ Bitu- 
minous surfaces require substantial base courses when 
placed on subgrades consisting of any of the varieties of 
this group. 

SOILS OF FIFTH AND SIXTH GROUPS NOT SUITABLE AS 
SUBGRADES FOR THIN, FLEXIBLE-TYPE BASE COURSES 


Group A-5.—This group is similar to the A—4 group 
except that it includes very poorly graded soils which 
contain materials such as mica and diatoms which are 
productive of elastic properties and very low stability. 
Soils of this group are likely to be elastic and to rebound 
upon removal of load even when dry. Elastic proper- 
ties of these soils interfere with the proper compaction 
of flexible-type base courses during construction and 
with the retention of good bond afterward. 

Grading: The sand content is less than 55 percent 
(exceptions occur). 

Constants: The liquid limit is usually greater than 
35. The plasticity index usually ranges from 0 to 20 
but in some cases may be as high as 60. The shrinkage 
limit is greater than 30 and less than 120 and usually 
exceeds 50 for the undesirable soils of the group. Field 
moisture equivalent varies from 30 to 120. 


4 See p. 270 for definition of optimum moisture content. 
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The soils in this group are not suitable for use as sub- 
grades for thin stabilized base courses or bituminous 
surfaces. They are subject to frost heave and should 
be covered with granular materials when they are en- 
countered in subgrades in areas where extreme freezing 
conditions prevail. They are usually difficult to com- 
pact due to their tendency to rebound upon removal of 
load. It has also been observed that pavements laid 
over subgrade soils of this group crack excessively. 

Group A-6.—This group is composed of predomi- 
nately clay soils with moderate to negligible amounts of 
coarse material. In the stiff or soft plastic state they 
absorb water only when manipulated. They can be 
compacted to relatively high densities by the use of 
heavy rollers and can best be compacted with tamping 
rollers; have good bearing capacity when compacted to 
maximum practical density; are compressible and re- 
bound very little upon removal of load; are very expan- 
sive and productive of severe warping in concrete slabs 
if placed sufficiently dry to allow water to be absorbed 
in large quantities. 

Grading: The sand content is less than 55 percent. 

Constants: The liquid limit exceeds 35, the plasticity 
index is greater than 18, the shrinkage limit is less than 
14, and the field moisture equivalent is less than 50. 

The high plasticity indexes of the soils of this group 
indicate the very cohesive nature of the binder material 
(clay and colloids) at the lower moisture contents. 
The cohesion decreases as the moisture content in- 
creases. Therefore, since group A-6 soils do not possess 
much internal friction, they have low stabilities at the 
higher moisture contents. Consequently, they are 
suitable for use in fills and as subgrades only when 
they can be placed and maintained at a relatively low 
moisture content. 

The very low shrinkage limits are indicative of high 
volume change. ‘This is because any change in moisture 
content above the shrinkage limit is productive of a 
corresponding change in volume, and the range from 
a given moisture content to the shrinkage limit is 
ereatest in soils of the A-6 group. The high shrinkage 
ratios, which are equal to the bulk specific gravities of 
the dried soil pats, show that the capillary pressure 
exerted as evaporation proceeds is of such intensity as 
to compress the soil particles in a very compact, dense 
mass. In the field, group A-6 soils are characterized 
by the presence of shrinkage cracks on all surfaces 
exposed to drying. 

The value obtained in the centrifuge moisture equiv- 
alent test, which is not essential to classification, usually 
exceeds 25. The high values obtained and the fact 
that waterlogging often occurs in the test indicate that 
water moves very slowly through soils of the A-6 group 
even when under a very considerable head. Thus, 
these soils will take up water very slowly unless manipu- 
lated, and, conversely, once they become wet, they will 
dry out very slowly. The flow of gravitational water 
through them is negligible and, consequently, ordinary 
drainage installations are of little value. It should be 
emphasized that while the rate of flow of water through 
group A-6 soils is very slow, the .capillary pressure 
which causes moisture to move from the wetter to the 
drier portions is very great and large forces can be 
developed for that reason. 

Low field moisture equivalents are characteristic 
of compressible soils which rebound but little upon the 
removal of load. In the test a load is applied by means 
of the spatula which tends to compress and reduce the 

















pore space on the smoothed surface. Particles of an 
elastic soil tend to separate and so absorb more water 
and have higher field moisture equivalents than the 
compressible soils. 

Soils of the A-6 group are confined within closer 
limits in their general characteristics than are those of 
either the A-4 or A-7 group. Borderline soils are often 
designated as A-6-4 or A-6-—7 soils. 

Soils in this group are not suitable for use as subgrades 
under thin flexible base courses or bituminous surfaces 
because of the large volume changes that are caused by 
moisture fluctuations and the loss of bearing power 
upon the entrance of moisture. When concrete slabs 
are placed over these soils, the subgrades should be 
blanketed with nonexpansive materials or should be 
compacted to high densities at carefully controlled 
moisture contents. Areas immediately adjacent to 
the slab which are exposed to drying should be pro- 
tected by covering with nonexpansive material, such 
as A-1 or friable A~—2 soil, or other insulating material 
to prevent loss of moisture by evaporation from the 
subgrade and subsequent warping of the pavement due 
to reentrance of moisture. 

Soils of this group occurring in suberades for macadam 
or similar porous base courses should be covered with 
an impervious, nonexpansive material similar to soil 
of the A-1 or A-2 groups. 


GROUP 7 SOILS TO BE USED WITH CARE; GROUP 8 SOILS TO BE 
AVOIDED 


Group A-7.—Soils of this group are similar to those 
of the A-6 group except that at certain moisture con- 
tents they are elastic and deform quickly under load 
and rebound appreciably upon removal of load. This 


characteristic results from an inferior grading (steep 


erain-size curve through the silt fraction); from ex- 
traneous material such as organic matter, mica flakes, 
lime carbonate; from a variation in grain shapes or 
from a combination of any two or more of these causes. 
Alternate wetting and drying of the A-7 soils under 
field conditions leads to rapid and detrimental volume 
changes. 

The soils of this group are more difficult to compact by 
rolling than are those of the A-6 group. Heavy tamp- 
ing rollers have been found most effective for rolling 
A-7 soils. Soils in this group have good bearing 
capacities when compacted to high densities but are 
subject to excessive volume change unless properly 
compacted at a moisture content sufficiently high to 
insure minimum air voids. These soils have produced 
more severe warping of concrete slabs than have soils 
of other groups. 

Grading: The sand content is less than 55 percent. 

Constants: The liquid limit for soils of this group 
exceeds 35 and the plasticity index is greater than 12. 
The shrinkage limit may vary from 10 to 30; the field 
moisture equivalent may vary from 30 to 100. 

The major difference between soils of the A—7 and 
A-6 groups is in their elasticity. This property 1s 
indicated by the higher shrinkage limit and the higher 
field moisture equivalent associated with soils of the 
A-7 group. The higher shrinkage limit may be due to 
poor grading or poor binder (binder which includes 
chalk, mica flakes, or an excess of organic matter). 
Similarly, the field moisture equivalent may be higher 
due to the higher absorption characteristics of a soil 
which has poor: grading (considerable pore space) or 
which is made up of the constituents mentioned above, 
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Figurmn 12.—Compaction Mo.p. 


Like the A-4 group, the A-7 group constitutes a wide 
range of soils varying in characteristics from those bor- 
dering on the A-4 and A-5 groups of silts and loams and 
the A-6 group of clays to those approaching the lower 
limits of the A-8 group, which contain excessive or- 
ganic material. Such borderline soils are often desig- 
nated as A~7-4, A-7-5, A-7-6, and A-7-8 indicating 
similarities to the latter groups. 

Since the soils in this group are even more expansive 








than those of the A-6 group, the same precautions in 
their use should be observed. Due to their elasticity 
and tendency to rebound, they should be compacted 
with great care when used as subgrades for concrete 
slabs, and should not be subjected to excessive loading 
immediately ahead of paving, if early cracking of the 
slab due to the force exerted by the rebounding soils is 
to be avoided, 

In areas where low temperatures prevail, the soils in 
this group should be regarded with suspicion because 
some of them are subject to frost heave. 

Group A-8.—The soils in this group are composed of 
very soft peat and muck. They contain excessive quan- 
tities of organic matter and moisture. They are ob- 
viously unsuitable for use in subgrades or embankments. 

Grading: The grading is not significant. 

Constants: The liquid limit ranges from 35 to 400, 
the plasticity index from 0 to 60 and is usually less than 
25, the shrinkage limit varies from 30 to 120, and the 
field moisture equivalent from 30 to 400. 

The high shrinkage limits and high field moisture 
equivalents are indicative of the presence of partly de- 
composed organic matter. The tendency to contain 
capillary moisture in large amounts far above the water 
table makes these soils unsatisfactory for use as founda- 
tion soils for embankments. Their use in any type of 
construction should be avoided whenever possible. 

In addition to the results of the indicator tests already 
described, the density-moisture relations of soils in the 
compacted state are indicative of their value for em- 
bankment construction and as foundation materials. 
Under a fixed set of test conditions each soil has a maxi- 
mum weight per unit of volume at one moisture content 
which is known as the optimum moisture content. The 
maximum dry weight varies with the soil type, being 
highest for granular well-graded soils in the A-1 group 



























































1 

6a, 

GUIDE BARREL 

BRASS TUBE 27 0.D. TURN DOWN TO 2.240" AND NICKEL PLATE 


" 
15 DIA, ALUMINUM BALL 
” 8 
: DIA. STD. THO. 
| 



































SSS SSS SSS SSS SSSSSESESESSSSS 


2.032 |.D.-.104 WALL, I6 2 LONG 




















































































HZ RAAKANASANANANANANAY 
Uf = ; ; ar 
BD n | ES DIA. BRASS-NICKEL PLATE 7g RUBBER BUMPER-I7 DIA. ee 
Ys erin — ———— — SSS = a SS 3 ao 
Se Se a ee : — ——- wu “S 
Sexe —= : -- = 0S EE £9 Mi 
ry " fo} ; 
| = — 127, -FOR FREE FALL OF 12" : Gor Gy 
BOS ee ee a ee ee RECS Te a = Ba ret 
u 

els ‘ 7 

> | —~— T 

4 xe 


ale 







TAP * 6-32,6 HOLES 


5e3 





if i 2.240 


a 
o 





CAP 
BRASS: MAKE | 
NICKEL PLATE 


LONGITUDINAL CROSS SECTION 


o DIA. STD. THD. FOR TIGHT FIT 


TURN OFF TOP EDGE TO GET DESIRED 
WEIGHT OF 5.50 LB. IN FINISHED TAMPER 

































TAMPER WEIGHT 
BRASS* MAKE | 


Figure 13.—Soi1t TAMPER. 





February 1942 Ie OMEWELIUC Kae ApS 








and decreasing to a minimum for soils in the A-5, A-6, 
A-7, or A-8 groups. In addition to the relation between 
density and moisture, a procedure has been developed 
for obtaining the relation of the moisture content and 
the resistance to penetration of a needle forced into the 
compacted soil under fixed conditions. 


STANDARD COMPACTION TEST APPARATUS AND PROCEDURE 
DESCRIBED 

The method of test for determination of the moisture- 
density and moisture-penetration relations is designated 
as the “standard compaction test”? and is conducted in 
accordance with the following procedure. 

The apparatus used shall consist of the following: 

1. A cylindrical metal mold approximately 4 inches 
in diameter and 4% inches high and having a cubical 
content of % cubic foot. This mold is fitted with a 
detachable base plate and a removable extension ap- 
proximately 2% inches high. (See fig. 12.) 

2. A metal tamper having a striking face 2 inches in 
diameter and weighing 5% pounds. (See fig. 13.) 

3. A steel straightedge about 10 inches long. 

4. A penetrometer to register the force required to 
cause the penetration of needles of known end area. 
(See fig. 14.) 

5. A scale of 30 pounds capacity sensitive to s ounce. 

6. A balance of 100 grams capacity sensitive to 0.1 
gram. 

7. Porcelain evaporating dishes. 

8. Oven for drying soil samples. 

The procedure is as follows: 

A 6-pound sample, air dried to shghtly damp, is 
taken from a portion of the material passing the No. 4 
sieve. 

The sample is thoroughly mixed and then compacted 
in the cylinder (with the extension attached) in three 
equal layers, each layer receiving 25 blows from the 
tamper dropped from a height of 1 foot above the soil. 
The extension is then removed. The compacted soil 
is carefully leveled off to the top of the cylinder with the 
straightedge and weighed. The weight of the com- 
pacted sample and cylinder, minus the weight of the 
cylinder, is multiplied by 30 and the result recorded as 
the wet weight per cubic foot of the compacted soil. 

The compacted sample is tested with the penetrom- 
eter (fig. 14) and the resistance to forcing the needle 
into the soil at the rate of % inch per second to a depth 
of 3 inches is recorded. When the material is granular 
enough to interfere with the uniform penetration of the 
needle, the penetrometer test cannot be made. 

A small sample of the compacted soil is oven dried 
to determine the moisture content. 

The soil is removed from the cylinder and broken up 
until it will pass a No. 4 sieve. Water in sufficient 
amounts to increase the moisture content of the soil 
sample by increments of approximately 1 percent is 
added and the above procedure repeated for each in- 
crement of water added. This series of determinations 
is continued until the soil becomes very wet and there 
is a substantial decrease in the wet weight of the com- 
pacted soil. 

The moisture content (percent by weight of dried 
soil) of the oven-dried sample is computed from the 
formula 


weight of dish and wet soil— weight of dish and dried soil 
weight of dish and dried soil— weight of dish 
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The dry weight per cubic foot of compacted soil is 
computed from the formula 


wet weight per cubic foot 


percent moisture 
ge 100 








MOISTURE-DENSITY CURVES USEFUL 


Curves showing the relations of the moisture contents 
to the wet and dry densities of the compacted soil, 
expressed in pounds per cubic foot, and the penetrom- 
eter readings, expressed in pounds per square inch, 
may then be drawn on rectangular coordinate paper 
to such a scale as to permit reading the moisture con- 
tents to.0.2 percent. The peak of the moisture-density 
curve represents the maximum density for the soil 
tested and the percentage of water at this point repre- 
sents the moisture content necessary for maximum 
compaction. The curves are used in classification and 
for control during construction. 

The above procedure is designed to be used in labora- 
tories where the facilities and time are adequate to 
permit the breaking down of the soil cylinder for the 
addition of each increment of moisture. In field 
laboratories the use of a separate sample for each 
increment of moisture has proved satisfactory. The 
samples should be prepared by breaking down approxi- 
mately 40 pounds of soil from the borrow pit or fill to 
pass a No. 4 sieve, and drying or adding moisture to 
make the soil slightly damp. About 5 pounds of the 
soil thus prepared should be tested in accordance with 
the procedure described above. The procedure should 
be repeated by adding enough water so that the mois- 
ture content of each successive sample will be about 1 
percent greater than the previous one. 

The test data for a typical compaction test are shown 
in table 1. The wet and dry density and penetration 
curves are shown in figure 15. 

The dry weight per cubic foot of soil as determined 
by the method described above is indicative of the 
suitability of the material for use in embankments and 
subgrades. With few exceptions the weight per cubic 
foot of soi] determined by this method varies from 80 to 
130 pounds. The granular materials, such as the 
well graded A—1 or A-2 soils, have the higher weights, 
and the highly plastic clays or muck soils (A-6, A-7 
or A-8) will be at the lower end of the scale. 

The Public Roads group classification, the rating for 
use in embankment construction on the basis of dry 
weight per cubic foot, the required compaction during 
construction, and the required thickness of sub-base, 
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Figure 15.—DeEnsiry AND PENETRATION CURVES. 


base, and surfacing, are included in the general sum- 
mary of soil characteristics and classification shown 
in table 2. 

The approximate grading limits shown in this table 
will serve as a guide in the visualizing of the textural 
characteristics of the various soils and, except for those 
falling in the A-1 group, are not essential to classification. 

The required compaction during construction, the 
procedures for obtaining it, and the methods of testing 
soil in place will be discussed later. 

The rating of soils in table 2 is intended as a guide 


TABLE 1.— Compaction test data 

















Penetration test 

ow : : Wet weight a 

Weight of compacted sample ! (pounds) of sample Needle 

Pressure 
Size Reading 

Pounds per| Square Pounds per 
cubic foot inch Pounds | square inch 
3488 nce cee ee ee 103.0 1/20 2 100 22,000 
8.808. Blanes # eee oe 114.1 1/20 81 1, 620 
4.070 222-2 soda eee ee ee ee 122.1 1/20 33 660 
4.340) re eo ee Ce — 124, 2 1/20 19 380 
6101 eee ee ee 124.8 1/20 9 180 
4063 23226 ee eee ee 121.9 1/20 1 80 


























Moisture determination 
Dry weight 
Dish Wet Dry | Water | Dish Soil ea| mag of soil 
No. weight | weight | weight | weight | weight ater 
Pounds per 
Grams Grams Grams Grams Grams Percent | cubic foot 
1 85. 08 79. 34 5. 74 30. 72 48. 62 11.8 92.1 
2 87.47 80. 45 7.02 35. 55 44. 90 15.6 98.7 
3 90. 77 81. 71 9. 06 34. 60 47.11 19.2 102. 4 
4 89. 99 81. 46 8. 53 40. 51 40.95 20,8 102.8 
5 88. 53 79. 00 9. 53 37. 96 41. 04 23. 2 101.3 
6 84. 83 75. 58 9. 25 38. 80 36. 78 25:2 97.3 




















1 Maximum density 102.8 pounds per cubic foot; optimum moisture 20.8 percent. 
° Greater than capacity of apparatus. 
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and not as a specification requirement. For example, 
if a soil weighing 100 to 110 pounds per cubic foot, 
which is classified as poor or very poor, is the only one 
available for the construction of an embankment, this 
classification should be interpreted to mean that the 
design of the embankment should be given special con- 
sideration, and that the soil should be compacted above 
the minimum requirements during construction. 

The curves and data of figures 16 and 17 show the 
moisture-density and grain-size accumulation curves for 
typical soils from each of the groups except A-1 and 
A-8. Curves for samples of two soils classified in the 
A-2, A-3, A-4, and A-6 groups are shown in order to 
demonstrate the variation which may exist in soils 
having the same classification. 


moisture. 


THICKNESSES OF SUB-BASE, BASE COURSE, AND SURFACE DEPEND 
ON SEVERAL FACTORS 


Since the results of indicator tests have been correl- 
ated with the service behavior of soils in highway 
construction, it is possible to estimate the required 
combined thickness of sub-base, base course, and sur- 


type. 





facing required for any type of soil. 
shown in the last line of table 2 and represents the max- 
imum and minimum thickness of sub-base and pave- 
ment (base course and surfacing) required for each soil 
These thicknesses were arrived at by observation 
and not by laboratory or field test or other purely 
scientific approach. The values, however, are the 
result of the experience of many engineers concerned 
with the successful use of soil materials and may be 
used with confidence. 


This information is 


The combined thickness of the sub-base composed of 


TaBLE 2.—Summary of soil characteristics and classification 


selected material, base course, and surfacing for each 
soil type, as shown in table 2, will vary with variations 
in the soil constants, in degree of compaction obtained, 
in the climatic conditions, and in the natural soil 
For example, a soil of the A-6 group with a 
plasticity index of 20 and a natural moisture content of 
18 percent will require less cover than an A-6 soil with a 
plasticity index of 50 and a natural moisture content of 
30 percent. When used in a dry climate and where the 
distance to ground water is great, the first soil (plasticity 
index of 20) will require less cover than where the ground 





















































A-2 
Group A-1 mr ame A-3 A-4 A-5 A-6 A-7 A-8 
| Friable | Plastic 
General stability prop- | Highlystable | Stable when | Good stable | Idealsupport | Satisfactory | Difficult to | Goodstability | Goodstability | Incapable of 
erties. at all times. dry; may material. when con- when dry; compact; when prop- when prop- support. 
ravel. fined. loss of stabil- stability erly com- erly com- 
ity when wet doubtful. pacted. pacted. 
or by frost 
action. 
Physical constants: f 
Internal friction_____- (Ee hy seers PeeoAl 1 ted eee se isle) 2 en ee ich wees Vartable_______ Variable ____- Lowen HOW. ae Low. 
Cohesion esee. =e |= dose TOW sos sees Osea INion@e=aee een ee ne Gort ees: 0 Wises eee Ee eee eli ee eee Do. 
Shrinkag abs aaee ae Not detri- | Not signifi- | Detrimental | Not signifi- |_--_- doees=: Variable____- Detrimental __| Detrimental __| Detrimental. 
mental. cant. when poor- cant. 
ly graded. : ‘ 
I XPAnSiONe eases INOne@2=s=e=ee INone__-----~- Sopaa_- SUBKI OH oe does ee labs jos so IELig Hise 32 eee aed Oma Do. 
@apillarityesoeeses ses | seen (Lo Pete alt ee eee doe eates. |S oseesaee =: ne doses |e Detrimentalles.|s. = COm Aas a poe Cosson ss | PEL one: Baca se Do. 
ISS GIG G yee | ree Gost sacs | ee hoes Sst eee owas. 2a ae INones2 sees ss eVialia bles ee see Detrimental 2|)Nonetess-2222- 22-26 donate Do. 
Textural classification: s { F 
General grading--_--- Uniformly | Poor grad- | Poor grading; | Coarse mate- | Fine sand co- | Micaceous | Deflocculated| Drainable | Peat and muck. 
graded; ing; poor inferior rial only; hesionless and diato- cohesive flocculated 
coarse-fine binder. binder. no binder. silt and fri- maceous. clays. clays. 
excellent able clay. 
binder. 
Approximate limits: ; p ; , ee ’ 
Sand _-_percent__}| 70-85__-______ Nie Nie See 55-8025..225 “es ol 002 es 55 (maximum)_| 55(maximum)| 55 (maximum) | 55 (maximunt) | 55 (maximum). 
Sil pee 0 meet 1 O20 eee O45 SSS ee (ee eke wae as Ba ¢ ighbee ae Medium_____ Medium_____- Medium______}| Notsignificant 
Clay Oz eat on! 0Sseee eee 0-45. cae 015 a Se () LOWes oeoeetes TRO Wipe sae 30 (minimum) | 30 (minimum) Do. 
Physical characteristics: a = Bh: : 
Piguidilimi tas ssa ses|) 1435s eee Sia) (iam ypen le | Bis) (aati ah hoy) INA DL eee See 20-4 0 eet Seer 35 (minimum)| 35 (minimum) _| 35 (minimum)-} 35-400. 
mum). 
Plasticity index-_____- , Se Senge saad IN| PA8i os Sere Q-fh2-. C260 ee | 18 (minimum) .| 12 (minimum) | 0-60. 
Field moisture equiv- Not essential__| Not essential_! 30 (maximum).| 30-120___-___- 50 (maximum). S0=LOO Ss eee 30-400. 
alent. : 
Centrifuge moisture 25 (maximum) | 12 (maxi- | Not essential___; Not essential.| Not essential__| Not essential__| Not essential. 
equivalent. mum). — 
Shrinkage limit_____- 25 (maximum) | Not essential_} 20-30_----_-_-_- SS Nee te Gud eee see 10-805 ease 30-120. 
Shrinkage ratio______- LN el a ae A SUE eee i eae Pe Ree a OR = homes 1. 7=2.0_ be SE UE a 10 eee 0. 3-1. 4. 
Volume change___---- OS162 ete INOGN@2s eee. (Veil se ie Aa, OS Gtee2 ss 17 (minimum)_} 17 (minimum).| 4-200. 
Lineal shrinkage. _-__- (VS ee aay ee Bee LO ees Ofer Eres. [eo Aa eee! 5 (minimum) _| 5 (minimum) -| 1-30. 
Compaction characteris- 
tics: 2 
Maximum dry} 130 (mini- | 120-130_----.-. 120-130 Cece oe 120=130____-._- TO 20 eee eee 80-100 seae=ee SOs 042222525 SOON eaeue 90 (maximum), 
weight, pounds per mum). 
cubic foot. 
Optimum moisture, | 9_-_-_-------- Gee tena soe Ne Pe eee CEs 5 eee LQ Vieeeeensase 226 eee nee. A728 Sas 2 ss i= 288 
percentage of dry 
weight (approxi- 
mate). . 
Maximum field com- | 90_________-_- DLE eae a = OOS Ss- nee LS iti Meeps Ae as ae So 1 ODES ee Se: 2 100 .252-5 Loh LO0 posse ese Waste. 
paction required, 
percentage of max- j 
imum dry weight, 
pounds per cubic 
foot. ; ; : 
Rating for fills 50 feet or | Excellent_-__-- Goodaas=aaae (Goodae=ss===== Goodsees==== Good to poor-.| Poor to very | Fair to poor---| Fair to poor.__| Unsatisfactory. 
less in height. : ‘ : a poor. F 
Rating for fills more than | Good-_-------- Good to fair__| Good to fair.__| Good to fair__| Fair to poor-__-| Very poor----| Very poor-_---- Very poor.__-- Do. 
50 feet in height. ee 
Required total thickness | 0-6___-_------- ea oe, Se ees D8 2 ee eee C6 2 RS eS hee ee A CE i oe oe es N= 24 ee a 12-24 eee 
for subbase, base and 
surfacing, inches. 




















1 Percentage passing No. 200 sieve, 0 to 10. 


2 When used as a base course for thin flexible surfaces the plasticity index and liquid limit should not exceed 6 an 


3 NP—nonplastic. 


d 25, respectively. 


PROSE ET CARO Al). 


Vol. 22. No. 12 



































DRY DENSITY -POUNDS PER CUBIC FOOT 



































6 8 10 l2 14 16 18 20 ae 24 
MOISTURE - PERCENT 


Ficure 16.—MoIsture-DeEnsiry CURVES. 


water is high and the moisture content will be greater 
throughout the year due to high continuous rainfall. 
The thickness selected will depend upon the judgment 
of the engineer. 

The selected material for the sub-bases may be com- 
posed of soils similar to those of the A~1, A-2, or A-3 
groups, natural gravels, which are stable but contain 
clay of such characteristics or quantity that they are not 
completely suitable for use in base courses, quarry 
wastes which are not suitable for base construction, or 
other materials having low volume change and relatively 
high density when compacted under a roller. 


SOIL STABILIZATION EFFECTED BY CAREFUL SELECTION, PLAC- 
ING, AND ROLLING OF MATERIALS 


Properly constructed embankments may be divided 
on the basis of the method of compaction of the soil 
material used in their construction into the following 
types: 

1. Uncompacted. 
2. Jetted or ponded. 
3. Rolled. 

The embankments included under the uncompacted 
classification are those in which the materials consist 
either of pure sand or of earth mixed with large stones. 
The latter material usually occurs in mountainous 
regions or in highly glaciated areas. Since no special 
compaction methods are necessary to obtain a stable 
fill with such material, the thickness of lift used in 
placing the embankment can be much greater than in 
other types. When sand is used, the method of pro- 
cedure is governed by the equipment used and is usually 
worked out to produce the greatest yardage per unit of 
time. When a mixture of soil and large stones is used, 
most. specifications provide that the material shall be 
placed in lifts not to exceed 3 feet in thickness and that 
the fine material be so distributed that no pockets or 
voids will be left in the finished fill. The equipment 
used and the methods of procedure in the construction 
of embankments of this type have been described many 
times in engineering literature and need not be 
repeated. 

Other embankments in which no special compaction 
methods are used are those placed with dragline and 
hydraulic equipment. The soil in this type of work is 
in a semiliquid state at the time of placing and the 
resultant fill is uniformly compacted by gravity and 
drainage to a relatively low density. 
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FIGURE 17.—GRAIN-SIZE ACCUMULATION CURVES. 


Jetting and ponding have been used extensively for 
the compaction of embankments. Explorations of old 
fills indicate that this method is successful when soils 
are sandy and slake down easily when inundated. 
Heavy clay soils do not compact when jetted and 
pockets of free water have been found in them several 
years after completion. 

The jetting procedure is somewhat cumbersome and 
is a separate operation requiring special equipment and 
attention. The limitations of the method tend to 
restrict its use to those embankments which cannot 
be compacted by other means. 

The stability of any embankment composed of fine- 
grained soil is dependent upon the moisture content 
and the density. There is no single moisture content 
and density at which soil will remain permanently. 
There is, however, a moisture content and density at 
which a soil will offer the greatest resistance to change. 
An increase or decrease in the moisture content will 
result in a loss of stability or a change in shape due to 
shrinkage or expansion. Settlement, softening, shrink- 
age, swell, and frost heave result from changes in 
moisture content and changes in temperature. The 
soil in a structure, therefore, is most stable when it 
has been placed at a moisture content which offers the 
greatest resistance to changes in that moisture con- 
tent. Soil having a moisture content during com- 
paction sufficient to result in a condition of maximum 
density with the pore spaces as nearly as possible 
filled with water offers greater resistance to the gain 
of moisture by absorption or the loss of moisture by 
evaporation than do soils compacted at any other 
condition. ‘The process of soil stabilization in embank- 
ments consists, therefore, in the introduction of the 
proper moisture content to obtain a maximum density 
and the subsequent compaction of the soil mass to that 
density by means of proper equipment. This condition 
can best be accomplished by the careful selection, 
placing, and rolling of soil materials. 
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The recommended procedure in the construction of 
rolled embankments is as follows: The soil survey 
report should be studied by the engineer in charge 
and soils which are most suitable should be selected 
for use unless construction limitations make such 
selection uneconomical. An effort should be made in 
soil selection to arrange construction procedures so 
that the most desirable soils will be in the top of the 
finished grade. It will require close cooperation of the 
construction and inspection forces to accomplish the 
distribution of soil materials that will result in the best 
and most economical soil structure. 

Before a plan of construction is adopted, the moisture 
content of the soil in the various borrow pits should be 
checked. A study should be made of the moisture- 
density relations of the soil in the various strata and 
of the specifications for the project. After these data 
have been studied, the construction equipment avail- 
able should be checked over so that the rate at which 
the work will progress may be determined and any 
additional equipment necessary for a proper balancing 
of construction operations may be obtained before work 
starts. This procedure will also provide the engineer 
with information from which it will be possible to 
estimate the number of tests that it will be necessary 
to make each day and the number of inspectors that 
will be required to carry on the work most efficiently. 
The tests made in the field consist chiefly of moisture 
and density determinations of soils in place either in 
the borrow pit or in the embankment. A field labora- 
tory should be provided on each project. Such a 
laboratory usually consists of a portable 10- by 12-foot 
frame structure properly lighted and equipped with a 
bench and table for use in making tests and preparing 
reports. This building is usually placed so that it is 
convenient to the work and may be moved from time 
to time as the work progresses. 


NECESSARY FIELD LABORATORY EQUIPMENT LISTED 


The field laboratory should be equipped with the 
following: 


1 compaction mold (fig. 12). 
1 soil tamper (fig. 13). 
1 steel straightedge about 10 inches long. 
1 gasoline camp stove. 
3 alcohol burning soil 
and 19). 
1 small oven with thermometer. 
1 penetrometer to register the force required to cause the 
penetration of needles of known end area (fig. 14). 
1 scale of 80 pounds capacity sensitive to 4 ounce. 
1 balance of 100 grams capacity sensitive to 0.1 gram. 
2 4-inch post-hole augers and extensions. 
1 railroad pick. 
1 drain spade. 
12 drying pans. 

2 6-inch trowels. 
1 2-gallon can for gasoline. 
1 8-inch adjustable wrench. 
1 100 cubic centimeter graduate. 
1 No. 4 sieve. 

Notebooks, form sheets. 

Miscellaneous articles such as cloth bags, string, etc. 


Soil as taken from borrow pits or cuts is usually 
either too dry or too wet for compaction to maximum 
density. Therefore, the first operation is preparation 
of the soil by adjustment of the moisture content. 

Soil that is too dry is usually brought to the proper 
moisture content by irrigation of borrow pits or by 
sprinkling with water and mixing on the grade with 
blades, disks, harrows, or other available equipment. 


moisture apparatuses (figs. 18 





Irrigation may be used either on sidehill locations 
or on flat areas. When sidehill locations are irrigated, 
contour ditches are cut with blade graders and water 
is pumped into the ditches until the desired average 
moisture content is obtained. On flat areas dikes are 
constructed and the ponds so formed are kept filled 
with water until the desired average moisture content 
is obtained. This method of treatment is suitable on 
sandy and silty loams which are sufficiently pervious 
to allow the diffusion of the moisture into the soils in 
a reasonably short time, but it has not been successful 
for the treatment of dense, impervious clays. The 
irrigation method is best adapted for use where heavy 
embankments are to be constructed from centrally 
located borrow pits. When rapid penetration is ob- 
tained, very little mixing has been found necessary 
after the material has been deposited on the grade. 

Sprinkling may be accomplished by means of hose 
attached to pipe lines or by the use of gravity sprin- 
kling wagons or pressure distributors. The latter 
method is the more common. The loose soil is placed 
on the grade in layers of the thickness necessary to 
result in the required compacted thickness, the water 
is added and the mixing done with several types of 
equipment. Heavy spring-tooth harrows have been 
used successfully in silty and sandy loams and disk 
plows have been used in clay loams. Tractor-drawn 
blades have been found to be most efficient in clay 
soils of the A-6 and A-7 groups. 

The wetting of clay soils to a uniform moisture con- 
tent is difficult and to be effective must be done very 
carefully. The following procedure has been found 
to produce reasonably satisfactory results. The soil is 
spread in a layer of uniform thickness and sprinkled 
with water. A shallow cut is made with the blade, 
placing the wetted soil in a windrow. ‘The operation 
is repeated until the entire thickness of loose soil has 
been wetted and placed in the windrow. The wetted 
windrow is then bladed back into place in thin layers. 

When the soil in the borrow pit or cut excavation con- 
tains moisture in excess of the optimum, it should be 
dried until it can be compacted to the density required 
by the specifications. This may be accomplished to a 
limited extent with the same equipment and processes 
which are used in the mixing of moisture into a dry soil. 
Obviously, such processing cannot begin until the soil 
has dried sufficiently to permit the working of construc- 
tion equipment and in many instances further drying 
may not be necessary. The removal of excess moisture 
from soil is a much more difficult problem and will re- 
quire more rigid inspection than the addition of moist 
ture to dry soil. The process usually results in a delay 
of the work, but the increase in density and stability 
of embankments justifies such delay. 


ALLOWANCE SHOULD BE MADE FOR EVAPORATION LOSSES 


The results obtained in compaction operations will 
be affected by the placing and spreading of the soil 
layers. The loads should be so spaced that, when 
spread, the thickness of the resulting uniform layer 
will not exceed that necessary to obtain the required 
density. Soils of the correct moisture content should 
not be placed and spread so far in advance of rolling 
operations that they dry appreciably before rolling, 
since this procedure necessitates the addition of more 
water, additional mixing, and testing. The loss of 
some moisture by evaporation cannot be avoided in 
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any case and in making calculations of water quanti- 
ties allowance should be made for such losses. Experi- 
ence with the soils available soon provides data that 
can be used to avoid duplication of operations and to 
estimate the excess water that must be applied to take 
care of evaporation losses. 

The maximum thickness of soil layer that may be 
compacted in one operation is usually set by the specifi- 
cation, and on most work is 6 inches compacted depth. 
Some soils will not compact uniformly with certain 
types of rolling equipment when a loose thickness sufh- 
cient to produce 6 inches compacted depth is rolled; 
in such cases thinner layers must be used. The thick- 
ness for each soil type must be determined by trial and 
error since no test has been devised to give this informa- 
tion. Several small areas of soil of different thicknesses 
should be brought to optimum moisture content and 
rolled to determine the greatest thickness that may be 
used to compact to maximum density and the minimum 
number of roller trips required to produce that density. 

The particular type of roller equipment used to com- 
pact embankments is of no importance if the required 
density is obtained and satisfactory construction prog- 
ress is maintained. Sheepsfoot or tamping, smooth- 
faced, and rubber-tired rollers have been used with 
success. 

Sheepsfoot or tamping rollers are used most exten- 
sively. These rollers vary in design from small single- 
drum rollers to the large double-drum type used on 
large dams and the compaction pressures range from 
90 to 675 pounds per square inch. One of the chief 
advantages of this type of roller is that the unit load 
on the feet may be increased or decreased by variations 
in the ballast in the drum. 

Tamping rollers should be of the twin-cylinder type 
with a frame and tongue that can be attached to a 
tractor in such a manner that the entire device may be 
either pulled or pushed in operation. The frames for 
the two rollers should be pivoted in a manner that 
will permit the rollers to adapt themselves to uneven 
ground surfaces and to rotate independently of one 
another. Cleaning teeth should be attached to the 
frame at the rear to prevent accumulation of soil be- 
tween the tamping feet. The tamping feet should be 
placed in staggered rows. 

Table 3 gives dimensions and weights typical of 
rollers in current use. This description is not intended 
to cover all rollers of this type in use and any roller 
must be judged by performance rather than by any 
dimensional requirements. 


TABLE 3.—Dimensions and weights typical of rollers in current use 














Item Minimum Maximum 

Number of/drums 222s eee ee eee 2; 2 
Length of each drum (approximate)______________ feet _. 4 4 
Outside diameter of drum without teeth_____- inches_- 38 42 
Space between drums see ae ee ee (OF Ons 5-ll| Sas be 12 
Length! of tamper teehee ae ane see Ue eee dosi= 6 8 
Bearing area of each foot_____.________- square inches_- 4 13 
Tamping feet per square foot of tamped area___________ 1 2 
Ground pressure under each foot 

pounds per square inch__ 100) 2S ee. ee 
Total weight__._.__- pounds per inch of roller width__ O0)| See Se wear 





The tamping roller compacts the soil from the bottom 
of the layer toward the top and thus produces a uniform 
density through the entire thickness. The density of 
the soil layer increases up to about 10 to 12 passes of 
the roller for average soil conditions. If the number 
of passes to produce the required density exceeds 15, it 
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indicates that the roller is too ight or the layer of soil 
too thick and that an adjustment is necessary to pro- 
duce the desired result. The compaction of clay soils 
usually requires the maximum weight to which the roller 
can be loaded. In some silty soils containing a very 
small amount of binder, the minimum weight of roller 
gives the greatest density in the least number of passes 
since this condition avoids the tearing of the soil by the 
roller feet. Tamping rollers do not operate satisfac- 
torily in soils containing large quantities of gravel or 
stone particles. 

In the operation of the tamping-type roller, it is 
important that the feet be kept free from mud and dirt. 
If they become clogged the efficiency of the roller is 
destroyed. 

The smooth-faced roller compacts from the top down 
and usually requires from four to six passes of a 10-ton, 
three-wheel roller to compact a soil layer to required 
density in a 6-inch compacted thickness. Sandy loams 
having relatively low plasticity indexes can usually be 
compacted more economically with this type of roller 
than with the tamping type. 

Rubber-tired rollers have not been used to any great 
extent on fill compaction. The information available 
indicates that satisfactory compaction may be obtained 
in sandy soils when thin layers are rolled with this 
type of equipment. 

he compaction of embankments may be accom- 
plished by the passage of hauling equipment, such as 
tractor wagons and trucks, over the soil layers during 
the process of construction. The distribution of equip- 
ment over the area to be compacted is difficult tocon-. 
trol and the use of the method may result in a lack of 
uniformity in the density and moisture content of the 
soil in the finished embankment. The practice is not 
recommended as a substitute for rolling. 

The essential factors to be given special attention in 
soil compaction may be summarized as follows: 

. Required moisture uniformly distributed. 
. Maximum thickness of soil layer. 

. Uniform thickness of soil layer. 

. Number of roller passes. 


. Weight of tamping rollers. 
. Cleanness of feet of tamping roller. 


Oo whe 


CONTROL TESTS SHOULD BE MADE IN THE FIELD DURING 
CONSTRUCTION 


During processing and rolling operations, control tests 
should be made, the results of which will indicate the 
extent to which compaction has been completed. The 
following tests should be made in the field by the inspec- 


| tor during construction: 


ih, perapeccion tests to determine moisture—density rela- 
10nNS. 
2. Moisture determinations of soil from borrow pits or cut 
sections. 
3. Density tests of compacted soil in place. 
4. Density tests of soil in place in borrow pit or cut sections. 
The compaction test procedure for the determination 
of the moisture-density relation of soils has already 
been described. The data obtained by this test should 
be included in the soil survey report for each of the 
major types of soil on the project. It would be impos- 
sible, however, to anticipate at the time of the soil 
survey all conditions which may develop after work 
begins and therefore frequent compaction tests in the 
field laboratory are necessary in order to insure accurate 
control of the work. Compaction tests should be made 
when the soil type changes or when it may be necessary 
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Figure 18.—APPARATUS FOR DRYING SoIL BY BURNING 
ALCOHOL. ; 


to use a mixture of soils to facilitate construction opera- 
tions. Frequent test borings should be made with a 
4-inch post auger in advance of grading operations in 
order to anticipate conditions and obtain samples for 
making compaction tests. 

The moisture content of soil may be determined in the 
field by evaporating to dryness on a gasoline stove, by 
mixing the soil with alcohol and burning off the alcohol- 
water mixture, or by the use of the penetration needle 
and the moisture-penetration curve. 

Evaporating to dryness may be done in accordance 
with the following procedure: 

1. Obtain a representative sample of soil to be tested. 
If a metric scale is available, the sample should not be 
smaller than 100 grams. If an avoirdupois scale 
graduated by 4 ounces is used, the sample should con- 
tain at least 50 ounces. 

2. Weigh sample and record weight. 

3. Place sample in pan and spread to permit uniform 
drying. Set pan in the oven (or in a second pan) to 
prevent burning of soil and place on stove. 

4, Dry to constant weight. The temperature of the 
oven should not exceed 105° Cy (221° F.). Stir con- 
stantly to prevent burning. 

5. After the sample has been dried to constant 
weight, remove from oven and allow to cool sufficiently 
to permit the absorption of hygroscopic moisture. 
Weigh dried sample and record weight. 

6. Compute moisture content as follows: 


Percent moisture 
__ weight wet soil— weight dry soil . 
weight dry el 


The alcohol burning method consists of mixing the 
damp soil with sufficient denatured or grain alcohol to 
form a slurry in a perforated metal cup, igniting the 
alcohol and allowing it to burn off. Three burnings of 
alcohol are usually required to remove all moisture from 
the soil. Excessive soil temperatures are not produced 
by this method as is evidenced by the fact that a filter 
paper in the perforated cup does not char. The results 
obtained by this method check closely with these ob- 
tained by careful laboratory drying. The apparatus 
is shown in figures 18 and 19. 

The procedure for this method is as follows: 

1. Weigh the perforated cup with the filter paper in 
place in the bottom. Record weight. 

2. Obtain a sample which is representative of the 
soil to be tested. Since this method requires a sample 
weighing between 25 and 35 grams, a metric scale is 
necessary. 

3. Place the sample in the perforated cup and weigh 
cup and sample and record weight. Weight of moist 
sample equals this weight minus weight of cup and 
filter paper. 








DoLOO: 


























PLATE 























Bai alt 
IF 4 


SOll-y CUP 

















BOTTOM PAN 


Figure 19.—Ancouou Sor Moisturs APPARATUS. 


4, Place perforated cup in outside metal saucer and 
stir alcohol into the soil sample with a glass rod until a 
sufficient quantity has been added to produce a thin 
mud or slurry. Allow the stirring rod to dry and wipe 
soil particles clinging to it into the cup. 

5. Ignite the alcohol in saucer and sample and burn 
off all the alcohol. 

6. Repeat the process of adding alcohol and burning 
three times. The alcohol should be thoroughly mixed 
with the soil each time. 

7. Weigh perforated cup and dry soil after last burn- 
ing. The weight of dry sample equals this weight 
minus the weight of the cup and filter paper. 

8. Calculate the moisture content as follows: 


Percent moisture 
__weight wet soil—weight dry soil 


; : SGLOO: 
weight of dry soil 





The apparatus shown in figures 18 and 19 may be 
increased in size if it seems desirable to use a larger 
sample. In a larger device the perforated dish should 
be shallow and the volume increased by increasing the 
diameter because a shallow sample dries faster and 
more uniformly and requires less alcohol. 


MOISTURE DETERMINATION WITH PENETROMETER DESCRIBED 


An approximation of the moisture content of soil for 
which moisture-penetration curves are available may 
be made with the standard soil penetrometer by the 
following procedure: 

1. Place compaction mold on firm foundation. 

2. Compact two layers of soil in the mold in accord- 
ance with the standard procedure used in the compac- 
tion test. 

3. Record the pressure required to force the pene- 
trometer needle into the compacted soil. The readings 
for three trials should be recorded and averaged. 
Convert the readings to pounds per square inch. 

4. Read moisture content corresponding to unit 
pressure from the moisture-penetration curve for the 
sample being tested. 

The evaporation to dryness method and the alcohol 
burning method of obtaining the moisture content of 
soil in the field have given satisfactory results. The 
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first method is somewhat cumbersome and requires 
constant attention to prevent burning of the sample. 
Since large samples can be dried by this method, in- 
accuracies due to sampling may be reduced to a mini- 
mum. It is also adapted for use with materials con- 
taining large aggregates such as sand-gravel mixtures. 

The alcohol method cannot be used for coarse gran- 
ular mixtures unless the size of the containers is in- 
creased accordingly. The use of a large container will 
require the use of a large quantity of alcohol which 
would make the cost of the test prohibitive. The 
quantity of alcohol required for each burning is approxi- 
mately twice the volume of the moisture in the sample. 
For example, a 100-gram sample containing 20 percent 
moisture would require 40 cubic centimeters of alcohol 
for each burning or a total of 120 cubic centimeters for 
complete drying. 

The alcohol method has the advantages of being easy 
to use and utilizing equipment that does not easily get 
out of repair and which is compact, and low in cost. 
Several of the devices can be operated simultaneously 
without danger of burning the soil. 

The penetrometer method of moisture determination 
can be used only in fine-grain soils and gives approxi- 
mate values. The method is useful as a control test 
because the approximate moisture contents can be 
checked rapidly. The method is not used to replace 
the drying tests but may be considered as supplemental 
to them. 

The determination of the density of compacted soil 
and of the undisturbed soil in excavation areas as the 
construction of an embankment proceeds is important 
as a control measure, as a means of checking the work 
against specification requirements, and for the calcula- 
tion of the shrinkage factors used in estimating the 
volume of excavation necessary to produce embank- 
ments of given dimensions. 

Density tests of soil in place may be made by measur- 
ing the weight, volume, and moisture content of undis- 
turbed samples or by measuring the volume occupied 
by a disturbed sample and recording the weight and 
moisture content of the soil removed from that volume. 

Undisturbed samples may be cut with hand tools 
and tested by the following procedure: 

1. A sample is obtained by marking an area of the 
same size as the sample desired and digging the soil 
from around it with some sharp tool such as a knife, 
spatula or small trowel. A spade may be used if care 
is exercised not to disturb the core. The sample should 
be 4 to 5 inches in diameter and the full depth of the 
lift. 

2. Immediately upon removal of the core a represen- 
tative sample should be removed for moisture deter- 
mination. The size of the moisture sample will depend 
upon the method to be used in the field laboratory for 
drying the moisture samples. 

3. Trim loose material from soil core, weigh, and 
record weight to nearest 4 ounce. ; 

4. Determine moisture content by drying moisture 
sample. 

5. Immerse sample in hot paraffin until coated, re- 
move, cool, and weigh. The gain in weight represents 
the weight of paraffin and the volume of the coating is 
calculated using 55 pounds per cubic foot as the weight 
of paraffin. 

6. Weigh coated sample in water, record weight and 
calculate volume or measure volume of water displaced 
by means of a suitable overflow device. Deduct the 
volume of the paraffin coating. 














7. Compute wet and dry density by the following 


formulas: ; 
weight of wet sample 


volume of sample 
wet weight per cubic foot: 
percent moisture 
beh 100 


For example assume wet weight of soil sample=8 
pounds; volume of sample=0.06 cubic foot; and 
moisture content=15 percent; wet weight per cubic 





Wet weight per cubic foot= 








Dry weight per cubic foot= 


foot=pag= 133 pounds; and dry weight per cubic 
133 
foot= 7975 115-7 pounds. 


Undisturbed samples may also be obtained by driving 
a tube sampler into the soil layer. If the volume of the 
sampler is known, the determination of the volume of 
the sample becomes unnecessary. Care must be exer- 
cised in the use of the method to avoid disturbance of 
the soil. 


METHODS OF DETERMINING DENSITY OF SOIL LAYER GIVEN 


The density of a soil layer may be determined by 
finding the weight of a disturbed sample and measuring 
the volume occupied by the sample prior to removal. 
This volume may be measured by filling the space with 
a weighed quantity of a medium of predetermined 
weight per unit volume. Sand, heavy lubricating oil 
or water in a thin rubber sack may be used as a medium 
for measuring the volume formerly occupied by the 
sample. Except for the determination of the weight 
per cubic foot of the medium, the three procedures are 
the same and therefore the one using sand will be 
described in detail. It is as follows: 

1. Determine weight per cubic foot of the dry sand 
to be used by filling a measure of known volume. The 
height and diameter of the measure used should be 
approximately equal and its volume should be not less 
than % cubic foot. The sand should be deposited in 
the measure by pouring through a funnel or from a 
measure with a funnel spout from a fixed height. The 
measure is filled until the sand overflows and the excess 
is struck off with a straightedge. The weight of the 
sand in the measure is determined and the weight per 
cubic foot computed and recorded. 

2. Remove all loose soil from an area large enough 
to place a box similar to the one shown in figure 20 and 
cut a plane surface for bedding the box firmly. 

3. With a soil auger or other cutting tools bore a 
hole the full depth of the compacted lift. 

4. Place in pans all soil removed, including any 
spillage caught in the box. Remove all loose particles 
from the hole with a small can. Extreme care should 
be taken not to lose any soil. 

5. Weigh all soil taken from the hole and record 
weight. 

6. Mix sample thoroughly and take sample for 
moisture determination. 

7. Weigh a volume of sand in excess of that required 
to fill the test hole and record weight. 

8. Deposit sand in test hole by means of a funnel or 
from a measure by exactly the same procedure as was 
used in determination of unit weight of sand until the 
hole is filled almost flush with original ground surface. 
Bring the sand to the ground level by adding the last 
increments with a small can or trowel and testing with 
a straightedge. 
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FicurEeE 20.—Soit Tray ror Usk with Post AUGER IN SoIL 
Density DETERMINATIONS. 


9. Weigh remaining sand and record weight. 
10. Determine moisture content of soil samples. 
11. Compute dry density from the following formulas: 


Volume of soil 


_ weight of sand required to replace soil. 
weight per cubic foot of sand 


weight of soil | 
volume of soil 
Dry weight per cubic foot 





Wet weight per cubic foot= 


_wet weight per cubic foot: 
Ay percent moisture 
op 100 





For example assume weight per cubic foot of 
sand=100 pounds; weight of wet soil from auger 
hole=5.7 pounds; moisture content of soil=15 per- 
cent; and weight of sand to fill auger hole=4.5 pounds. 


Then volume of soil from hake ey 045 cubic foot; 


100 
: : ; 5. t 
weight per cubie foot of wet soil=5 945 = 126.7 pounds; 
: as ' 126.7 
and weight per cubic foot of dry Ola LO 
T7090 


pounds. 


Assume that optimum moisture for this soil equals 
15 percent and maximum density equals 115 pounds 
per cubic foot, then the compaction in the layer tested 


eM 
1s lip 20! percent. 


If the specifications require not less than 95 percent 
of maximum density at optimum moisture, the com- 
paction is satisfactory but very close to minimum 
requirements. 

When the sand funnel device shown in figure 21 is 
used to determine the volume of the soil removed from 
the test hole, the volume of the jar above the valve 
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FiguReE 21.—Sanp JAR WITH FUNNEL For USE IN Sort DENSITY 
DETERMINATIONS. 


may be determined by filling the apparatus with water, 
closing the valve, pouring off water retained in the large 
funnel, and weighing. The volume may be computed 
by dividing the weight of water in the jar by weight 
per cubic foot of water (62.4 pounds). After the volume 
of the apparatus is known, the weight of sand required 
to fill it may be determined and the unit weight com- 
puted. The device is used by placing the funnel over 
the hole, opening the valve and allowing the sand to 
flow until it stops. The valve is closed and the weight 
of sand left in the jar is determined. This value sub- 
tracted from the total weight of sand in the device gives 
the weight required to fill the hole and the cone. The 
weight of sand in the cone can be found by weighing 
the apparatus, placing it on a flat surface, opening the 
valve, allowing the sand to flow until it stops and closing 
the valve. The weight of sand in the cone equals the 
difference in weight of the apparatus before and after 
the filling operation. 

The jar may be calibrated to show cubic feet of sand 
removed as shown in figure 21 so that weighing is not 
necessary in the determination of soil volume. Such 
calibration should be made very carefully and requires 
more equipment than is usually available in a field 
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Figure 22.—Om Jar anp Pump ror Usb IN Soin DENSITY 
DETERMINATIONS. 
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Figure 23.—RUBBER SACK WITH MEASURING JAR FOR USE IN 
Soin Densiry DETERMINATIONS. 


laboratory. When volumetric measurements are used, 
the readings must be made carefully and care must be 
exercised not to compact the sand during the operation. 

Any clean sand having rounded particles all of one 
size (usually passing the No. 20 and retained on the 
No. 30 sieve) may be used in this test. Standard 
Ottawa sand is used to a large extent but is not required. 
The sand may be salvaged after each test but should be 
rescreened before being used again. The use of slightly 
damp sand should be avoided because of the error 
introduced by bulking. 

Heavy lubricating oil (S. A. E. 30 or 40) may be used 
instead of sand in the above test. The procedure and 
method of computing the results are the same. The 
weight per cubic foot of the oil may be found by weigh- 








ing a measured quantity or by computing it from the 
specific gravity if that constant is known. The oil is 
removed from the hole with a suction pump and may be 
used until it becomes contaminated with soil particles 
to the extent that the weight may be changed. A cali- 
brated container may be used if means are available 
for accurate calibration and etching of the quantities 
on the glass. The use of a device calibrated as shown 
in figure 22 is convenient due to elimination of weighing 
procedures and is accurate when the readings are care- 
fully made. The suction pump shown in figure 22 is 
the type ordinarily used in the recovery of the oil. 

The apparatus shown in figure 23 consists of a rubber 
pouch attached to a calibrated glass container and may 
be used to measure the volume of the space from which 
a disturbed sample is taken. The device comprises a 
closed system and is very convenient due to the fact 
that the necessity for the handling of oil or sand is 
eliminated. The volume of the rubber pouch must be 
determined accurately and correction for its volume 
made in the readings taken. To insure the filling of the 
entire volume from which the soil sample was taken, 
air pressure is introduced into the jar by means of the 
small bicycle pump shown in figure 23. The pressure is 
easily determined by trial since the water level will not 
be lowered by slight increases in pressure after the 
rubber has expanded into the irregularities of the hole. 

The use of the sand funnel device of figure 21 or the 
calibrated container for measuring the volume of oil, 
figure 22, are limited to fine-grained soils where irregu- 
larities in volume due to large aggregate particles do 
not occur. The sand funnel cannot be placed over a 
hole irregular in shape and the quantity of the oil in 
the calibrated container is usually too small to fill the 
excess volume caused by the removal of stones, ete. 
It is obvious that the rubber pouch device can be used 
only in fine-grained soils since the rubber cannot be 
expanded into a test hole of irregular shape. 


SOIL MASS IN EMBANKMENTS CONSISTS OF SOIL PARTICLES 


AND AIR AND WATER VOIDS 


The form shown in figure 24 is suggested for use in 
recording field data obtained in the inspection of the 
compaction of embankments. 

For the correct interpretation of soil data, the rela- 
tionship of the soil particles, water, and air voids in the 
soil mass must be understood. The following funda- 
mental facts may be used to interpret the test data 
correctly. 

A soil mass as it exists in an embankment is made up 
of soil particles and voids. Part of the void space 
contains air and part of it contains water. 

Let Ure eee of soil particles in a unit volume of 

soil; 
V,=total volume of air and water; 
V.,=volume of the voids filled with water; 
V,=volume of the voids filled with air; 
then V,+V,=V,+ V,+ V,=unity; 
and let G=specific gravity of soil particles; 
w=percent moisture by dry weight of soil; 
W=wet weight per cubic foot of soil; 
W,=dry weight per cubic foot of soil; 
a=percent moisture by dry weight of soil to 
fill all the voids (V,); 
and assume that W=124 pounds per cubic foot; 
w=17 percent; 
G=2 107 
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Project Date 


Location Operators 





Field test No 


oa | Sarr 
te ee a WE eT | 


rns : | eee es | | 
of :_ Reference to 
tests ae | 
Elevation 


Elevation : Original ground 


Finished grade 
ype of roller 


No, of passes with roller pe fone tae 
Density determination BI eae ea 


A, Weight per cu, ft, of sand (or ee 


" 


B, Weight sand (or o11)+ weight of 7a ae ee Bs |e 
container Loa 

C. Weight sand (or ofl) left in eee Ds | Hes {hve | 
container + containe = 

D. Weight sand (or oil) in auger See eae ees Eos 
hole (B = C 45 

E._ Volume of auger hole (PR) ee es Ba dd 

Weight of wet soil from auger hole + 

weight of container 


Weight of container ae | eee: |S | soeesiee [ere [esa | 
F, Weight of wet soil from auger hole’ = [37] | 
G, Weight per cubie foot of wet soil 
ta trae oa 2 ae SOs | (| 
H. Weight of dry soil in 1 cubic foot eT Ae | ee etl a 
of fill =e ee 
K. Maximum dry weight per cu, ft. from Pabnma es 
Lab, No ALLE 
L, Compaction = (H + K) x 100 = [e729] ne | nee | nett | cee | 


Moisture determination 
Dish and damp soil 
Dish and dried soil 
Weight moisture 


= 

f) 

bs 
Eg 
ic 
fom 
i 
ie) 

is 

~ 


Weight dry soil 
M, Percentage moisture 








Figure 24.—Form or REPORT ON EMBANKMENT COMPACTION. 
7 9 
then Wy)= _ aris =106 pounds per cubic foot. 
1 rane ee 17 
100 100 
ie Wo 106 _ 0.629 cubic foot of solid parti- 
GX62.4 2.70X62.4 cles in each cubic foot of 
soil. 
0.371 cubic foot of combined 
V,=1—V,=1—0.629= air and water voids in each 


cubic foot of soil. 


Since the percentage of moisture is known, the vol- 
ume of the water in the voids may be calculated thus: 


s 700% Mo 790% 108 
ora) a a 62.4 


each cubic foot of soil. 


V,= V,— V,=0.371—0.288=—0.083 cubic foot of air n 
each cubic foot of soil. 


Percentage of air voids by volume =V,X100=8.3. 


The volume of air voids may also be calculated from 
the following: 





=().288 cubic foot of water in 





V,=1—V,—V, 
= ap ll SS Re TN 
62468100 <62 4 62.4\ GZ 100 


When the air voids are zero (V,=0), the soil is saturated 
and V,—=V,=0.371 cubic foot of water in each cubic 
foot of soil. 

Percent moisture by volume for zero air voids= 
Vea O0 =o lel 

The moisture content by volume for zero air voids 
may be converted to a weight basis by means of the 
following equation: 


pa ee ans {)100 
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EXAMPLE :— GIVEN W=I7, W=124, G=2.70 (POINT©) THEN, Wo= 106; 
Wp=0.371, @ =21.9, S= 49 


Figure 25.—CHART oF Sonips-WATER-VoOIDS RELATIONS OF 
Som, MASssEs. 


For the example above 


62.4 
[OGM OTC 





75 )100=21, 9 


The relationship between the dry weight per cubic 
foot of soil and the percentage of moisture by weight 
necessary to fill the voids is useful in checking the values 
obtained by testing the density of the soil in place. 
Since the soil in place always contains some air voids, 
the percentage of moisture by weight of the soil cannot 
exceed the moisture content required to reduce the air 
voids to zero. Also, if the computed weight per cubic 
foot of soil in the embankment is higher than the weight 
when the air voids are zero, it is obvious that an error 
has been made in the determination of the weight or 
the moisture content. The test results can be checked 
conveniently by the use of curves constructed by plot- 
ting the moisture contents by weight for the zero air 
voids conditions against the dry weights per cubic foot 
for several specific gravities and drawing a smooth 
curve through the points. The dry weight per cubic 
foot and moisture content of soil can be plotted on such 
a chart with a minimum of effort and errors in testing 
procedure located and corrected without loss of time. 

A series of curves for the more common specific gravi- 
ties is shown in figure 25. These curves are also suit- 
able for use in calculating the dry weight per cubic foot 
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of soil from results of tests to determine the wet weight 
per cubic foot and the moisture contents of the soil 
in an embankment. As a check on test results, when 
the moisture content of the soil is plotted against the 
dry weight per cubic foot, the point should fall to the 
left of the zero air voids curve. If it does not, the test 
data are obviously in error. 


RELATION OF EXCAVATION AND EMBANKMENT DENSITIES OFTEN 
USEFUL 


The balance factor in earthwork is the ratio of the 
density of the embankment to the density of the cut 
or excavation. It involves a study of densities in the 
cut section as well as in the fill section. Accurate 
knowledge of cut densities is sometimes quite useful 
to the engineer in determination of the quantity of 
excavation in instances where borrow pits have been 
flooded and silted in after excavation and in instances 
where pits have been badly eroded or washed out. 
They are often useful in calculation of hydraulic excava- 
tion. The accuracy of earth quantities as measured 
by the method of average end areas obtamed by cross 
sections is sometimes questioned. When the volumes 
calculated from cross sections are in doubt, data on 
both cut and fill densities are of considerable value in 
checking the final quantities. 

Earthwork quantities are directly related to densi- 
ties. That is, the cubic yards of embankment which 
are obtained from a given number of cubic yards of 
excavation are directly related to the density of the 
embankment and that of the excavation. 

The formula for determining the balance factor may 
be derived as follows: 

Let A=volume of excavation; 

B=volume of embankment; 

W=weight of material necessary to produce a 
given volume of excavation or embank- 
ment; 

D,=dry density in pounds per cubic foot of em- 
bankment; 

D.=dry density in pounds per cubic foot of ex- 
cavation; and 


D 
—/—balance factor; 








D, 
then, since density = WOE 
volume 
W 
WE ==); ee ee eee en (1) 
W 
Ane: an a (2) 
W = BI) Pee ee eee eee ene os OTUs (3) 
Waa De ee ee tae Be) eg (4) 
AD By en es a a a (oD 
then, balance factor: 
D,;_A 
Do Brrr eee (6) 


Cc 
Assume that the cubic yards of excavation necessary 
to produce an embankment of 5,000 cubic yards is to 
be calculated. 


Then A=unknown. 
B=5,000 cubic yards. 


Assume D,;=106 
D=97 


Then substituting in equation 6, 
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106 
A =5000 x OF 
TG 
D,_ 106 


Day a 1.093 (balance factor). 
The earth shrinkage from excavation to embank- 
ment is equal to the amount, in percent, that the 
volume of excavation exceeds the volume of embank- 


ment. It is calculated from the equation, 
a (Dy—Do) 
Ss Ee] aie 100 
where S=shrinkage, in percent 
and 
sat 100=9.3 percent. 


In the course of ordinary construction, when ordinary 
soils are taken from shallow excavation (borrow pits 
and shallow cuts) the balance factor will, if good com- 
paction is being obtained, be greater than one (1.000). 
In some instances shales have been encountered where 
it has been either impossible or impractical to con- 
solidate the material in the embankment to the very 
dense state in which the shale occurs in its natural bed 
or layer. Under such conditions a balance factor of 
less than 1 does not necessarily signify poor compaction. 

Similarly, when soils are taken from very deep cut 
sections where they exist in a very compact condition, 
it has been found that even under good rolling pro- 
cedure the resulting embankment density is lower than 
the density of the soil in the excavation. 

Nevertheless, when either of the above conditions 
exists it should be thoroughly investigated to deter- 
mine whether or not the best compaction is being 
obtained. 

In using the balance factor to determine quantities 
of excavation, it should be kept in mind that factors 
such as wastage in hauling, loss of material by blading 
off grass and weeds, loss due to erosion by floods and 
any other losses or gains should be taken into considera- 
tion. With these factors in mind, it is easier to account 
for the discrepancies which might exist between the 
final results. 

The conditions on earth work projects vary so 
widely that it is difficult to set forth the number of 
tests that will be necessary for adequate control of the 
compaction of embankments. Common practice re- 
quires that when the soil and moisture conditions are 
uniform, a minimum of four density and moisture 
tests should be made in each 8-hour day but not less 
than one test should be made for each 500 cubic yards 
of excavation. When soil and moisture conditions 
vary, the number of tests will have to be increased 
sufficiently to insure accurate control. Actually, the 
number of tests required will have to be determined by 
experience. In starting a project frequent tests should 
be made to establish in the mind of the inspector the 
appearance and consistency of the various soils when 
they are in most suitable condition for compaction. 
The inspector on important earth work must take his 
job seriously and learn by frequent testing the best 
methods to use to produce a good embankment from 
the available material. 
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PUBLICATIONS of the PUBLIC ROADS ADMINISTRATION 








Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D. C. As his office is not connected with the 
Agency and as the Agency does not sell publications, please 
send no remittance to the Federal Works Agency. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1932. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1934. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1935. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1936. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1937. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1938. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1939. 
10 cents. 


Work of the Public Roads Administration, 1940. 
HOUSE DOCUMENT NO. 462 


Part |. . . Nonuniformity of State Motor-Vehicle Traffic 
Laws. 15 cents. 

Part 2. . . Skilled Investigation at the Scene of the Acci- 
dent Needed to Develop Causes. 10 cents. 

Part 3. . . Imadequacy of State Motor-Vehicle Accident 
Reporting. 10 cents. 

Part 4. . . Official Inspection of Vehicles. 10 cents. 

Part5 . . . Case Histories of Fatal Highway Accidents. 
10 cents. 

Part 6... . The Accident-Prone Driver. 10 cents. 


MISCELLANEOUS PUBLICATIONS 


No. 76MP . . The Results of Physical Tests of Road-Building 
Rock. 25 cents. 


No. I9IMP. . Roadside Improvement. 10 cents. 

No. 272MP. . Construction of Private Driveways. 10 cents. 
No. 279MP. . Bibliography on Highway Lighting. 5 cents. 
Highway Accidents. 10 cents. 

The Taxation of Motor Vehicles in 1932. 35 cents. 

Guides to Traffic Safety. 10 cents. 


An Economic and Statistical Analysis of Highway-Construction 
Expenditures. 15 cents. 


Highway Bond Calculations. 
Transition Curves for Highways. 60 cents. 
Highways of History. 25 cents. 


Specifications for Construction of Roads and Bridges in National 
Forests and National Parks. | dollar. 


10 cents. 


DEPARTMENT BULLETINS 


No. 1279D . . Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 15 cents. 


No. 1486D . . Highway Bridge Location. 15 cents. 


TECHNICAL BULLETINS 


No. 55T . . . Highway Bridge Surveys. 20 cents. 
No. 265T. . . Electrical Equipment on Movable Bridges. 


35 cents. 








Single copies of the following publications may be obtained 
from the Public Roads Administration upon request. They can- 
not be purchased from the Superintendent of Documents. 


MISCELLANEOUS PUBLICATIONS 


No. 296MP. . Bibliography on Highway Safety. 
House Document No. 272 . . . Toll Roads and Free Roads. 
Indexes to PUBLIC ROADS, volumes 6-8 and 10-21, inclusive. 


SEPARATE REPRINT FROM THE YEARBOOK 


No. 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 


UNIFORM VEHICLE CODE 


Act 1.—Uniform Motor Vehicle Administration, Registration, 


Certificate of Title, and Antitheft Act. 
Act II.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 
Act II].—Uniform Motor Vehicle Civil Liability Act. 
Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 
Act V.—Uniform Act Regulating Traffic on Highways. 
Model Traffic Ordinances. 





A complete list of the publications of the Public Roads Ad- 
ministration, classified according to subject and including the 
more important articles in PUBLIC ROADS, may be obtained 
upon request addressed to Public Roads Administration, Willard 
Bldg., Washington, D. C. 
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